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ABSTRACT 
 
Biodiesel industry, as one of the commercially established renewable energy 
industries, is booming in recent years. Biodiesel helps reduce the emission of carbon 
monoxide, hydrocarbons and total particular matters as compared with petroleum diesel. 
The potential of producing biodiesel from the spent coffee grounds (SCGs) via in situ 
method was studied in this project. In the U.S., the average coffee consumption was 24.2 
gallons per person in 2008. According to the USDA, the world’s coffee production in 
2011/2012 was 8.64 million tons. Since SCGs were disposed as waste nowadays, include 
SCGs as biodiesel feedstock will come at a negligible cost for the biodiesel producers.  
The primary goal of this study was to investigate the feasibility of the in situ process to 
make biodiesel from SCGs without the solvent extraction step. The effects of reaction 
time, reaction temperature, types of catalyst, and the concentrations of the catalyst on the 
quantity and quality of the final coffee biodiesel were studied. In order to compare with 
the in situ method, the conventional biodiesel production method was also studied. 
Characteristics included density, FAME (Fatty Acids Methyl Ester) profile, and yield 
were measured. GC-MS and QTA were used to determine the composition of the coffee 
biodiesel and the coffee biodiesel conversion efficiency. C16:0 and C18:2 were two main 
FAME components within the coffee biodiesel. Moreover, SCGs residue after biodiesel 
production was proposed to be made into coffee activated carbon. Thermogravimetric 
analyzer was used to study the mass change profile of the grounds before and after coffee 
oil extraction. Sieving test was applied to understand the size distribution difference of 
the SCGs before and after oil removal. The surface area of the coffee activated carbon 
was measured by BET test. The outcome indicated that the oil extracted via the soxhlet 
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extraction could reach an average value of 15.84 ± 0.30 wt. % when using a solvent 
mixture of hexane/isopropyl alcohol (1:1 vol.) with the extraction condition at 70 °C and 
7 hours. The coffee activated carbon could have a surface area up to 1,174 m2/g which 
had potential to be utilized as a purification material to purify the biodiesel. The highest 
in situ coffee biodiesel yield was 17.08 wt. % under the conditions of 20 wt. % H2SO4 
impregnated SCGs with 70 °C and 17 hours. However, in consideration of the energy 
consumption and the economic cost, 20 wt. % H2SO4 impregnated SCGs reacted at 70 °C 
and 7 hours was regarded as the optimum reaction condition (coffee biodiesel yield was 
16.32 wt. %). As compared to the two-step method, in situ method facilitated the coffee 
oil extraction.  
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Chapter 1 BACKGROUND AND STATEMENT OF PROBLEMS 
The rapidly increasing use of fossil fuels worldwide depletes the finite supply and raises 
major concern over the associated greenhouse gases emissions and air pollutants. As 
reported by the United States Environmental Protection Agency, the emission of 
particulate matter from burning B20 (20 % by volume of biodiesel and 80 % by volume 
of petroleum diesel mixture) would decrease by approximately 10 % in comparison with 
emission from burning regular diesel.  Also, the emission of carbon monoxide and 
hydrocarbons would decrease 21.1 % and 11 %, respectively [1]. As a result, the demand 
for renewable energy in the form of biodiesel as an alternative has increased dramatically. 
Approximately 1.1 billion gallons of biodiesel have been introduced into the American 
fuel market in 2011 [2]. Purified biodiesel, which meets the biodiesel standard (ASTM D 
6751) can be directly used in the diesel engine. Modification of diesel engine is not 
essential when running with biodiesel fuel. Furthermore, most major engine companies 
affirm in their Original Equipment Manufacturers (OEMs) that using blends up to B20 
will not void the engine warranties [3].  
 
The major feedstock for the biodiesel industry in the United States includes soybean oil, 
canola oil, white/yellow grease, and tallow and many more. Moreover, 54.32 % of total 
biodiesel feedstock consumed in December 2013 came from soybean oil [4]. With the 
growing demand for soybeans in both food and fuels, the price of soybeans has increased 
as well [5]. This price pressure is relevant because the feedstock cost for producing 
biodiesel is approximately 70 % - 95 % of the total cost leading to a high sales price for 
biodiesel [6]. The price of biodiesel hit a historic high of $4.81 per gallon in 2008 (Figure 
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1). Because of the economic downturn, Renewable Fuel Standard (RFS) 2 uncertainty, 
and the lapse of the biodiesel tax credit, the price of biodiesel reached a new record. In 
order to make the biodiesel price more competitive with diesel price, studies to assess the 
feasibility of using inexpensive waste materials as feedstock for biodiesel production 
need to be undertaken. 
 
 
Figure 1. U.S. average retail fuel prices of biodiesel and petroleum diesel [7] 
 
According to a recent research result from Dr. Kondamudi, 10 %-15 % by weight of oil 
was found within the spent coffee grounds (SCGs) [8]. Also, SCGs have a minimum cost 
of acquisition, and hence, if used as an alternative feedstock for biodiesel production, 
would reduce the high price of feedstock in the biodiesel industry. Since the SCGs oil 
proportion is similar to the soybean oil percentage (about 20 % by weight), SCGs have 
sufficient oil content to be used as a feedstock to produce biodiesel [9].  
 
 
$4.81 
$4.22 
$0.00
$0.50
$1.00
$1.50
$2.00
$2.50
$3.00
$3.50
$4.00
$4.50
$5.00
C
o
st
 p
er
 G
G
E
B99/B100
Diesel
11 
 
On the other hand, the world’s coffee production in 2011/2012 was 8.64 million tons 
based on the data from the U.S. Department of Agriculture (USDA) and it was the second 
largest traded commodity worldwide. During 2011/2012, the coffee consumption within 
the U.S. alone was 1.38 million tons [10]. Mover, the green coffee production was 
booming by 17 % between 2000 and 2012 [11]. 
 
During biodiesel production, purification is necessary to purify the crude biodiesel. The 
most common activated carbon that used during biodiesel purification are Purolite PD206 
ion exchange resin and magnesol adsorbents. However, these two types of activated 
carbon are expansive. In order to minimize the cost of biodiesel production, low cost 
purification materials are demanded. Besides extracting coffee oil from the SCGs and 
converting the coffee oil into coffee biodiesel, the residues remaining after oil extraction 
can be beneficially converted into purification material (activated carbon) to purify the 
crude biodiesel. This will enable the purification cost to be brought down. Finally, the 
SCGs residue, after its use in the purification process, can be sent to an electric power 
plant where it can serve as a fuel to produce both electricity and useful heat [12]. Or, that 
residue can be used in gasification applications to produce biogas [13]. 
 
The flow chart of utilizing the SCGs to produce coffee biodiesel, and also for beneficial 
use of the process residue, was shown in Figure 2. After moisture removal, solvent 
extraction of coffee oil from the dried SCGs was performed. The left over residue was 
named SCGs 1 in the flow chart. Coffee oil then went through esterification and 
transesterification reaction to be converted into crude coffee biodiesel. Crude coffee 
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biodiesel could not be directly used in the diesel engine, further purification was required. 
Therefore, SCGs 1 were planned to be converted into coffee activated carbon so that they 
could be used to purify the crude coffee biodiesel. In addition, SCGs 1 also had the 
potential to be directly applied in gasification to produce biogas; bio char production 
from the SCGs 1 was also an option; or, SCGs 1 might be used for traditional 
composting. After purification, the purified coffee biodiesel had potential to be used as a 
marketable product. 
 
 
Figure 2. Flow chart of alternative solutions for the spent coffee grounds. SCGs 1 
represents the SCGs after coffee oil extraction 
 
The feasibility of utilizing the SCGs as potential feedstock for biodiesel and activated 
carbon industry was studied. First of all, the oil content within the SCGs was extracted 
out and converted into crude biodiesel. Different types of solvent were tested for coffee 
oil extraction. In order to further lower the cost of producing biodiesel, SCGs residues 
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after oil extraction were proposed to be converted into activated carbon to purify the 
crude biodiesel. Furthermore, the in situ method of producing biodiesel from the SCGs 
was studied. Various kinds of catalysts were examined. Also, different reaction time and 
temperature were studied. The composition of SCGs biodiesel was researched via GC-
MS and quality trait analysis (QTA) and the results were compared to the other literature 
outcome. SCGs particle size distribution change was also studied and the 
thermalgravimetric analysis was conducted for the dried SCGs and the SCGs residue 
after oil extraction (SCGs 1). 
 
Chapter 2 Literature Review 
2.1 From Coffee Oil to Coffee Biodiesel 
Brazil, Vietnam, Colombia, Indonesia, and Ethiopia were the top five largest coffee 
producers in 2011/2012 and the highest coffee beans yield occurred in October.  Coffee 
cherries were harvested in the field and then processed in one of the two ways (dry or wet 
method). Then, coffee beans needed to be dried if a wet method was used previously for a 
storage purpose. Before the beans could be exported and sold in the market, parchment 
layer was needed to be removed. Polishing could be applied if needed. At that time, the 
beans would be graded and sorted based on their size and weight. During this step, 
defective beans were removed from the group. Now, the beans, which were ready for 
exporting were considered as the green coffee beans. Green coffee beans would be 
further roasted to transform it into the aromatic brown beans. Several roasting types were 
usually applied such as cinnamon roast (196 °C), light roast (205 °C), American roast 
(210 °C), full city roast (225 °C; slightly oil drops appeared on the surface of coffee 
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beans), and French roast (240 °C) [14]. Therefore, the percentage of coffee oil lost during 
roasting stage mainly depends on the roasting temperature. The roasting step was one of 
the important steps that provide the coffee beans with unique flavor and smell. Finally, 
the coffee beans were shipped to the market for sale.  
 
According to the literature review, the coffee oil yield through solvent extraction method 
ranged from 6-27 wt. %. The reason of this big yield difference might be caused by 
different sources of SCGs (particle size, type of beans, and roasted time). The density of 
the coffee oil ranged from 844-967 kg/m3. As shown in Table 1, although Vardon used 
the spent coffee grounds, Oliveria used 4 types of coffee beans (black, immature, bored, 
and non-defective beans), and Calligaris used coffee grounds, the majority compositions 
of coffee oil were similar which were palmitic acid (C16:0) and linoleic acid (C18:2). 
Therefore, the types of coffee grounds did not have a huge impact on the composition of 
the fatty acids within the coffee oil. Compared with the soybean oil and palm oil, the 
linoleic acid and palmitic acid were the major components, respectively. Except the main 
components of the fatty acids, coffee oil also contains small amounts of arachidic acid 
(C20:0), paullinic acid (C20:1), and behenic acid (C22:0).  
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Table 1 Fatty acids composition of the biodiesel feedstock (%) 
Fatty Acids Vardon, 
2013 [15] 
Oliveria, 
2005 [16] 
Calligaris, 
2009 [17] 
Ferrari,  
2005 [18] 
Bell,  
2002 [19] 
C16:0 33.9 34.0 34.3 ± 0.4 11.22 40.8 ± 1.3 
C18:0 7.3 7.0 6.5 ± 0.1 4.61 3.9 ± 0.0 
C18:1 8.3 9.0 8.5 ± 0.2 22.75 31.2 ± 0.7 
C18:2 45.0 44.0 46.1 ± 0.3 54.45 9.4 ± 0.2 
C18:3 1.5 1.5 1.2 ± 0.2 6.97 0.5 ±0 0.1 
C20:0 2.5 3.0 2.1 ± 0.3 <0.1 - 
C20:1 0.4 0.3 0.2 ± 0.1 - 1.5 ± 0.0 
C22:0 0.6 0.7 0.3 ± 0.1 - - 
 
During oil extraction, because the fatty acids had both polar head and non-polar 
components, both polar, non-polar, and mixture of polar and non-polar solvents were 
tested in the literature. Polar solvents consisted of isopropanol, ethanol, and acetone. 
Nonpolar solvents used included pentane, hexane, toluene, chloroform, octane, and 
heptane [6, 20]. The volume of the solvent ranged from 30 ml to 300 ml per 100 g of SCGs. 
However, 30 ml/100 g SCGs ratio was found to be not enough to cover all the SCGs and 
it was hard to stir the slurry. The time of coffee oil extraction was 3-16 hours [20, 21].  
 
The moisture content of the spent coffee grounds (SCGs) is one of the important criteria 
to review. Because during solvent extraction, water content within the SCGs may form a 
barrier between the solvent and the coffee oil which leads to a low extraction efficiency. 
Generally, 12.2-60.0 wt. % moisture content can be found within the SCGs [8,20]. 
Therefore, moisture removal is necessary before coffee oil extraction.  
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In order to process the transesterification reaction to convert the coffee oil into coffee 
biodiesel directly, the free fatty acid (FFA) within the coffee oil should be less than 
1.0 %. Therefore, titration was necessary to be conducted in order to know the FFA value 
of the coffee oil first. Based on literature reviews, the FFA value of coffee oil was 3.65-
15.2 %, which was higher than the ideal value[6, 8]. So, esterification reaction was needed 
to decrease the FFA value to less than 1 % prior to conducting the transesterification 
reaction. 
 
 
Transesterification Reaction 
 
  
Esterification Reaction 
 
The esterification reaction processed by other researchers was identical. Methanol (35-40 
wt. %) and sulfuric acid (1 vol. %) were mixed with the coffee oil. The temperature was 
adjusted to 60 °C and the reaction was allowed to react for 2 - 4 hours [15, 20]. On the other 
hand, there was a difference on how to perform a transesterification reaction. Methanol 
was generally chosen as the alcohol, but the volume of it ranged from 20-40 vol. %. The 
options for catalyst which was used in the transesterification reaction consisted sulfuric 
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acid (10 wt. % of coffee oil), sodium methoxide (1-3 wt. % of coffee oil), NaOH (1 wt. % 
of coffee oil), and KOH (1.5 wt. % of coffee oil) [8, 20, 21, 22]. 
 
After esterification and transesterification reactions, the coffee oil was converted into 
coffee biodiesel. The density of coffee biodiesel was 841- 927 kg/m3 [23]. According to 
EN 14214:2003, the limit of biodiesel density was 860-900 kg/m3 at 15 °C. Therefore, the 
density of coffee biodiesel almost met the requirement. The fatty acid methyl ester 
(FAME) profile from the literature reviews of the coffee biodiesel was shown in Table 2. 
For the coffee biodiesel, the main FAME components were C16:0 and C18:2. As 
reported by Jenkins, coffee biodiesel made from Vietnamese coffee grounds had a unique 
FAME profile (40.4% C16:0; 13.5% C18:0; 24.0% C18:1; 22.0% C18:2). In comparison, 
the soybean biodiesel, which had major FAME components of C18:2 and C18:1. The 
palm biodiesel, which had main FAME components of C16:0 and C18:1. 
 
Table 2 FAME profile of coffee, soybean, and palm biodiesel 
FAME Coffee 
Biodiesel[23] 
Coffee 
Biodiesel[8] 
Soybean 
Biodiesel[24] 
Palm 
Biodiesel[24] 
C16:0 35.4%-41.4% 51.4% 11.3% 36.7% 
C18:0 6.7%-8.5% 8.3% 3.6% 6.6% 
C18:1 6.3%-8.4% - 24.9% 46.1% 
C18:2 42.2%-49.9% 40.3% 53.0% 8.6% 
C18:3 Trace-1.5% - 6.1% 0.3% 
C20:0 0.0%-1.5% - 0.3% 0.4% 
***Vietnamese coffee resulted with high C18:1 (24.0 %) and low C18:2 (22.0 %) 
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2.2 SCGs as Activated Carbon 
The papers of making SCGs into activated carbon mainly focused on applying the coffee 
activated carbon into water treatment. The target reference pollutants, physical activation 
methods, chemical activation agents, pore size distribution, and BET surface area were 
listed in Table 3-1. Although the microwave method was easier and quicker when 
compared with other methods, the resulted coffee activated carbon had relatively low 
BET surface area. Zinc chloride was used in three methods and all of them resulted with 
a relatively high BET surface area.  However, using large amount of zinc chloride could 
increase waste water treatment stress. Also, H3PO4 and HNO3 were used during chemical 
activation.  According to Table 3-2, coffee activated carbon which was activated by 
H3PO4 + HNO3 had higher carbon content.  
 
The yield of coffee activated carbon ranged from 27.6-28.6 wt. %.  The coffee activated 
carbon had 3.5 wt. % ash content and a higher heating value (HHV) of 31 MJ/kg [15]. 
Table 4 showed a preliminary study which evaluated the feasibility of SCGs after oil 
removal in biodiesel purification as compared to commercial biodiesel polish material 
(C400). The SCGs residue was able to remove biodiesel impurities significantly and the 
removal rates were slightly lower than that of a commercial media.
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Table 3-1 List of different reference pollutants, application area, physical and chemical activation methods 
Total  
Pore  
Volume  
(cm3/g) 
Mesopore  
Volume  
(cm3/g) 
Micropore  
Volume  
(cm3/g) 
Kante, K. et al. 2012[25] H2S 
air at ambient  
conditions 
800C; 10/min hold  
60min with nitrogen  
gas 
ZnCl2 
example  
(COFAC 
1):0.492                              
0.093 0.399 905 
Reffas, A. et al. 2010[26]] 
Methylene blue  
(cationic) and  
Nylosan Red N- 
2RBL (anionnic) 
water - H3PO4 
example  
(CGAC1 
80):0.71 
8 
0.666 0.211 925 
Djilani, C. et al. 2012[27] 
o-nitrophenol; p- 
nitrotoluene;  
methylene blue 
water 
200-900C for 1-2 hrs  
with Nitrogen Gas 
H3PO4+HNO3 - - - - 
Hirata, M. et al. 2002[28] 
Orange II;  
Methylene blue;  
gentian violet 
water 
1073K; 10K/min hold  
60 min with nitrogen  
gas flow  
Microwave with  
2450MHz and  
output of 500W 
- - - <1 
Namane,A. et al.  
2005[29] 
acid blue 25; basic  
yellow2; phenol 
water 600C for 45 min ZnCl2 + H3PO4 0.95 - - 640 
Mekarzia, A. et al. 2013[30]] 
CI acid blue 25; CI  
Basic yellow 2; di- 
substituted phenols 
water -  ZnCl2 + H3PO4 0.95 - - 1000 
Pore Distribution 
BET  
(m2/g) 
Author and Year 
Pollutants  
Removed by  
Coffee Activated 
      Carbon 
Media Used Conditions 
Chemical  
Activation   
Agents 
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Table 3-2 Elemental analysis of coffee activated carbon 
 
 
 
 
 
 
Table 4 Purification ability comparison between raw SCGs with commercial activated 
carbon [22] 
 Crude Biodiesel C400 SCGs Residue 
Acid Number 
 (mg KOH/g) 
0-0.35 0-0.5 0-0.5 
Moisture (%) 0.02-0.04 0.02-0.066 0.02-0.05 
Methanol (%) 0.185-5.7 0.01-0.24 0.07-0.80 
Free Glycerin (%) 0.055-0.185 0.01-0.019 0.025-0.08 
Na + Ca (ppm) 160 6 6 
Na + K (ppm) 225 7.3 21 
Ca + Mg (ppm) 32 4.1 17 
P (ppm) 12 4 6 
 
2.3 The in situ Method 
In situ transesterification, or direct transesterification, was a biodiesel production method 
which combined lipids extraction and transesterification in one step. Unlike the rest of the 
SCGs to biodiesel publications, this method would eliminate the costly (time and money) 
solvent extraction step, and make the SCGs to biodiesel process more cost effective [31].   
 
A summary of current studies on the in situ conversion of lipids into biodiesel was shown 
in Table 5. The listed reaction conditions were the optimized conditions which generated 
the highest biodiesel yield. The in situ conversion of lipids into biodiesel was studied for 
ZnCl2  H3PO4 H3PO4+HNO3 
Microwave  
with 2450MHz  
and output of  
500W 
C (%) 77.3 75.8 82.69 60.1 
O (%) 17.7 13.5 7.26 - 
N (%) 2.9 2 7.88 2.6 
Elemental  
Analysis 
Chemical Activated Agents 
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several feedstock included algae, soybean, jatropha, and palm. Catalyst used in the 
experiments was acid such as H2SO4 and HCl or alkaline such as NaOH, KOH, and 
NaOCH3.  
 
It was clear to state that the in situ method with acid catalysts had a higher biodiesel yield 
for algae feedstock in general. The reaction temperature, methanol usage, and the catalyst 
concentration were studied. Usually, biomass with smaller particle size required shorter 
reaction time [32]. Therefore, 2 hours reaction time was studied in the algae literature 
often. Because the basic catalyst had less corrosive issue, needed less reaction time, and 
required less catalyst during a reaction, most of the literatures used basic catalysts for the 
in situ reaction [33]. However, if the feedstock oil had relatively higher FFA content 
(usually greater than 1 wt. %), acid catalyst was recommended. For example, Haas and 
Wagner reported they had an oil feedstock with an FFA value of 35.1 % [32]. Therefore, 
sulfuric acid was chosen to be used as the catalyst for the in situ reaction. Two-step 
biodiesel production method and direct transesterification method were also compared by 
D’Oca, and it concluded that two-step method was better than the in situ method [34]. 
 
 For biodiesel production from the soybean oil, the effects of reaction temperature, the 
amount of methanol usage, FFA value of feedstock oil, and the catalyst concentration 
were studied [35].  Also, the effect of moisture content during the in situ reaction was 
researched and resulted with a negative impact [31]. A report from Wyatt said NaOCH3 
catalyst did not work in the in situ conversion.  
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Jatropha as another important biodiesel feedstock had also been studied with the in situ 
method. The yield of jatropha biodiesel via the in situ method was high and ranged from 
74.28 wt. % - 99.98 wt. %. Several additives were also used in the literature methods. 
Hailegiorgis (2011) reported to use the cetyltrimethylammonium bromide in the in situ 
reaction and it helped to increase the total yield of biodiesel from 89.2 % to 99.5 % [44]. 
Also, less alcohol (16.7 % less) and catalyst (33.3 % less) were used during the reaction. 
Moreover, co-solvent such as iso-propanol was used during the in situ reaction to help 
extraction of the oil [36]. 
 
Based on the literature review, there was no literature did the in situ approach to make the 
coffee biodiesel from the SCGs. Therefore, the in situ method was studied in this thesis. 
Obviously, SCGs was an oil-bearing feedstock. Instead of reacting with pre-extracted 
coffee oil, solvent and catalyst would contact the oil-bearing SCGs directly and complete 
both extraction and reaction in one step. Additionally, the yield of biodiesel through the 
in situ method had potential to be increased because of the formation of fatty acids 
methyl ester aided the extraction of oil and enhanced the in situ reaction [35].  
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Table 5 Literature summary of the in situ method for biodiesel production 
Reference Feedstock Acid Alkaline 
Reaction 
Time (hr.) 
BioD. Yield 
(wt. %) 
Johnson and Wen 
2009[37] 
Algae H2SO4 - 0.67 (90°C) 
8.45 ± 2.97 of 
oil (wet) 
72.79 ± 3.68 
of oil (dry) 
Carvalho Junior 
et al. 2011[38] 
Algae HCl - 2 (80°C) 23.07±2.76 
Haas and Wagner 
2011[32] 
Algae H2SO4 - 2 (23-65°C) 83 of oil 
Xu and Mi, 
2011[39] 
Algae - KOH 1 76 of oil 
Sanchez et al. 
2012[40] 
Algae - NaOH 11 (60°C) 17.1 
Velasquez-Orta 
and Harley 
2012[33] 
Algae H2SO4 NaOH 1.25 (60°C) 
77.6±2.3    of 
oil 
D’Oca et al. 
2011[34]. 
Algae H2SO4 - 4 (60°C) 98.4 of oil 
Haas et al. 
2004[35] 
Soybean - NaOH 8 (60°C) 80 of oil 
Haas and Scott, 
2007[31] 
Soybean - NaOH 1.1; 2.16 100 of oil 
Wyatt and Haas 
2009[41] 
Soybean H2SO4 
NaOCH3 
(did not 
work) 
10 (121°C) 
88.3±1.5     of 
oil 
Haas and Wagner 
et al. 2011[42] 
Soybean - NaOCH3 4 (23C) >90 of oil 
Kaul et al. 
2010[43] 
Jatropha - NaOH 1(65°C) 98 of oil 
Hailegiorgis et al. 
2011[44] 
Jatropha - NaOH 2.5 (30°C) 99.5 of oil 
Prabaningrum et 
al. 2011[36] 
Jatropha - NaOCH3 2 (60°C) 74.28 of oil 
Surya Abadi 
Ginting et al. 
2012[45] 
Jatropha - NaOCH 2 (30°C) 99.98  of oil 
Hailegiorgis et al. 
2013[46] 
Jatropha - NaOH 
1; 1.7; 2 
(37.63°C) 
89±0.7 of oil 
2; 1.5; 4 
(34.9°C) 
99.4±0.4     of 
oil 
Boey et al. 
2011[47] 
Palm - KOH 
2 (ultrasound, 
60°C) 
75.2/60 of oil 
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2.4 Other Usages 
After the brewing process, almost all of the coffee grounds turned into the spent coffee 
grounds. There have been limited efforts to beneficially reuse the SCGs. For example, the 
traditional solution to the SCGs was to use them as composting material. Starbucks had 
its own program called “Grounds for Your Garden” which gave away their SCGs to 
customers for free as a composting material. Also, researchers found the application of 
biochar made from the SCGs with fertilizer significantly increased the yield of sorghum-
sudangrass [15]. The SCGs were studied to have a C : N ratio of 21.5 which was within the 
optimum range for composting [48]. In Japan, SCGs was treated as solid fuel. The SCGs 
mixed with coal at a ratio of 1:99 and then be sent to the power plant to burn to generate 
electricity and useful heat. The emission reduction of CO2 when burning SCGs and coal 
mixture gave a positive influence on this application [12]. Also, SCGs are used as a 
furniture scratch cover and even used for odor removal application. Nevertheless, almost 
all coffee grounds turned into SCGs after consumption and most of them goes into 
landfill directly. Landfill, which consumes land resource and has the potential to pollute 
underground water, needs to be avoided. The opportunity comes to find a better way to 
utilize the SCGs to generate both greater economic and environmental benefits. 
 
Chapter 3 Coffee Oil Extracted from the Spent Coffee Grounds 
3.1 Sources of Spent Coffee Grounds 
Spent Coffee Grounds were collected from three different locations include the Starbucks 
(coffee beans mainly came from the Asia-Pacific region) on the main campus of the 
University of Cincinnati (UC), Centercourt dining hall, and the Red Tree Café (most of 
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the coffee beans delivered from the South America). Collected SCGs were first weighed 
to get the raw weight (W1). Then, SCGs were heated in the oven with a temperature of 
105 °C for 24 hours to remove moisture. Afterwards, dried SCGs were weighed (W2). 
The moisture content within the wet SCGs was calculated via the following equation: 
 
                                        Moisture Content %=
W1-W2
W1
×100 %   (Eq. 1) 
Where: 
W1: weight of raw wet SCGs, grams 
W2: weight of dried SCGs, grams 
 
As a final point, dried SCGs were stored in the bucket with desiccants.  
 
3.2 Coffee Oil Extraction and Analytical Methods 
3.2.1 Coffee oil extraction 
During coffee oil extraction, 250 ml chemical solvent was mixed with 100 g dried SCGs 
(2.5:1 mass ratio) in a 500 ml Erlenmeyer flask and heated to 65 °C on a hot plate for 0.5, 
2, 4, 6, 8, and 24 hours. Stirring was applied during oil extraction. Different chemical 
solvents were tested in the extraction experiments, including hexane (non-polar) and the 
mixture of hexane and isopropyl alcohol (IPA) in a 1:1 volume ratio (non-polar + polar). 
All of the solvents were purchased at the University of Cincinnati Chemistry Store 
(99.9 %, HPLC grade). After oil extraction, solvent was recycled through the rotary 
evaporator (BUCHI Rotavapor R II) at a rotor speed of 2 and a temperature at 60 °C with 
vacuum applied. Recycled solvent could be used in the future extraction process. The 
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AOCS titration method Cd 3d 63 was performed to determine the free fatty acid (FFA) 
value of coffee oil [49]. 50 ml solvent mixtures (1:1 volume of isopropyl alcohol with 
toluene) were added into a 250 ml Erlenmeyer flask. Then, 800 𝜇𝑙 indicator solution 
(1.0 % phenolphthalein in isopropyl alcohol) was added into the Erlenmeyer flask. Next, 
0.1 N KOH solution was used to neutralize the mixture until permanent faint pink color 
appeared. 2.5 g coffee oil sample was added into the flask and then shake the flask until 
the sample was completely dissolved. Afterwards, titration was performed via 0.1 N 
KOH solution to determine the FFA value. The following equation was used to determine 
the FFA value of the coffee oil sample: 
 
                                              FFA % ≈ 
(A-B)×0.1×MWKOH
2.5×2
                                    (Eq. 2) 
Where: 
A: amount of KOH solution used during titration, ml 
B: amount of KOH solution used in titrating the blank, ml 
MWKOH: molecular weight of KOH, g/mol 
 
3.2.2 Density and moisture content measurement 
Coffee oil density was measured via sampling 1 ml of coffee oil into 10 ml pre-weighed 
beaker and then weighed via a calibrated scale. Also, the effect of moisture content was 
examined. Both wet and dried SCGs were used for coffee oil extraction with previous 
coffee oil extraction method and only 3 and 24 hours extraction time were used. The 
yield of coffee oil was recorded and compared. 
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3.2.3 Coffee grounds and coffee oil mass balance 
Additionally, the mass balance of the coffee grounds and coffee oil were calculated. 100g 
Starbucks’ medium roasted coffee beans were grinded to coffee grounds and divided into 
two groups evenly. The first group directly went through the oil extraction process to 
quantify the weight of oil within the coffee grounds. The other 50 g of coffee grounds 
were brewed with 90 °C hot water and then filter paper was used to filter the coffee 
grounds. After brewing, filtered coffee grounds were collected and dried. Coffee oil 
extraction was conducted later with the dried SCGs. The mass of the spent coffee 
grounds and the mass of the coffee oil were recorded (results were in Appendix H). 
 
3.3 Results and Discussion 
After collecting the SCGs, moisture was removed from the wet SCGs. As shown in Table 
6, the moisture content ranged from 40.93 wt. % to 50.32 wt. %. The SCGs collected 
from the Starbucks contained the least amount of moisture. Low moisture content was 
desired since it could reduce energy consumption and heating time during the SCGs 
drying process. The density of coffee oil ranged from 0.846 g/ml to 0.868 g/ml. It could 
be concluded that the oil extracted via hexane solvent would like to result with a low oil 
density. On the other hand, soybean oil has a higher oil density and palm oil had a similar 
oil density to the coffee oil. The FFA content of the coffee oil ranged from 3.14 % to 
3.74 %, which agreed with literature results (3.65 %) [6].  
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Table 6 Oil density and moisture content of different feedstock 
Feedstock Extraction 
Solvent 
Oil Density 
(g/ml) 
Moisture 
(wt. %) 
FFA (%) 
Starbucks Hexane 0.860 40.93-45.89 3.14 
Starbucks Hexane/IPA 0.862 
Centercourt Hexane 0.846 49.62-50.32 3.74 
Centercourt Hexane/IPA 0.854 
Red Tree Hexane 0.862 42.68-44.69 3.31±0.08 
Red Tree Hexane/IPA 0.868 
Soybean [50] - 0.920 -  
Palm [51] - 0.864 -  
 
The effect of moisture content within the SCGs during coffee oil extraction was 
examined. The results were shown in Table 7. FHW represented coffee oil extraction 
from wet SCGs by using hexane solvent. FHD meant coffee oil extraction from dried 
SCGs by using hexane solvent. It was clear to conclude that moisture content had a 
negative effect on the coffee oil extraction efficiency.  
 
Table 7 Effect of moisture content during coffee oil extraction 
Time (hrs.) FHW (yield wt. %) FHD (yield wt. %) 
3 6.53% 9.47% 
24 8.37% 10.11% 
***FHW: Coffee oil yield from wet SCGs; FHD: Coffee oil yield from dried SCGs 
 
The coffee oil extraction yield from different sources were shown below. For the SCGs 
from Starbucks, hexane was used to extract the coffee oil. At 5 hours, the coffee oil yield 
reached the extraction limit. The average coffee oil yield was 5.38 wt. % and ranged from 
4.34 wt. % to 6.58 wt. %. The standard deviation was 0.00539. The oil content within the 
Starbucks SCGs was lower than other reports. SCGs from Red Tree contained a higher 
oil percentage. Figure 4 showed an average coffee oil yield of 7.07 wt. % and the highest 
coffee oil yield happened at 6 hours. Figure 5 showed an average coffee oil yield of 6.23 
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wt. %, which was lower than the oil yield from Figure 4. Therefore, hexane and isopropyl 
alcohol 1:1 volume ratio mixture solution was the best solvent to extract coffee oil from 
the SCGs. This conclusion could also be confirmed based on the results in Table 8. It 
showed clearly that Hexane and isopropyl alcohol solvent mixture had a coffee oil yield 
of 7.60 wt. % in 6 hours, which was greater than the coffee oil yield via hexane solvent 
extraction. 
 
 
Average Oil Yield 5.38 % (4.34 %-6.58 %) 
STD 0.00539 
Figure 3 Coffee oil yield from Starbucks SCGs via hexane 
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Average Oil Yield 7.07 % (5.74 %-8.24 %) 
STD 0.00961 
Figure 4 Coffee oil yield from Red Tree SCGs via hexane & IPA mix 
 
 
Average Oil Yield 6.23 % (4.03 %-7.39 %) 
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Figure 5 Coffee oil yield from Red Tree SCGs via hexane 
Table 8 SCGs from UC Centercourt 
Time H HI 
6 hours 4.89% 7.60% 
 
This study indicated a low coffee oil yield via extraction method without soxhlet.  The 
coffee oil yield from literature reviews ranged from 7.0-15.5 wt. % and a few of them had 
coffee oil yield above 20 wt. % (Table 9).  The reason might be caused by using different 
extraction strategies. Soxhlet apparatus was used in most of the literatures [20, 21, 15, 6]. 
Caetano reported to have an extraction with 9.5 hours extraction time and the extraction 
temperature was the solvent boiling points [20]. Vardon also reported with a similar 
extraction time of 8 hours, but no extraction temperature was mentioned [15]. A relatively 
long extraction time was used by Oliveira which was 16 hours. But a low coffee oil yield 
(10% -12%) was stated [21]. Al-Hamamre did several experiments runs with both polar 
and non-polar solvent. Shorter extraction time (0.25-1.17 hours) was described and the 
coffee oil yield was reasonable [6]. On the other hand, Jenkins used two-stage extraction 
method in flask with two separated 3 hours extraction time at room temperature [23]. 
Compared with soxhlet extraction, two-stage extraction had a relatively low yield. 
According to Table 9, the oil yield in this study and literature results showed that non-
polar and polar solvent mixture resulted with higher yield. Additionally, coffee oil 
extracted from hexane was visually observed to have a higher viscosity compare to the 
coffee oil extracted from hexane and isopropyl alcohol mixture. 
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Table 9 Comparison of coffee oil yield 
Solvent Types 
Coffee Oil Yield (wt. %) 
SCGs Oil Caetano,  
2012[20] 
Oliveira,  
2008[21] 
Vardon,  
2013[15] 
Jenkins,  
2014[23] 
Al-Hamamre, 
 2012[6] 
Polar Solvent       
Isopropanol  21.0    10.5-11.4 
Ethanol  15.5    9.18-11.90 
Acetone      12.3-12.9 
Nonpolar Solvent       
Toluene      11.3-14.3 
Chloroform      8.6-11.15 
Hexane 4.0-7.4 15.5 10.0-12.0 16.2  11.2-15.3 
n-Octane  26.0     
Pentane      11.6-15.2 
n-heptane  18.0   7.0-13.0  
Mixed Solvent       
Hexane : IPA 5.7-8.2 16.0-22.0     
***SCGs Oil: coffee oil yield from this study 
 
After coffee oil extraction, solvent was recycled through rotary evaporator. The average 
solvent recovery rate was 75.76 vol. %. The standard deviation was 0.0942. On the other 
hand, the average SCGs residue collected rate was 89.66 wt. %. The standard deviation 
was 0.0186. All the recycled solvents had potential to be used in the future extraction 
experiments. 
 
Our extraction method resulted in lower yields comparing with the literatures. The 
sources of SCGs were all from coffee shops and dual solvents were used. Then, soxhlet 
was assumed to be the cause since the (solvent) temperature, and even pressure, in the 
soxhlet tended to be higher than the previous method. Thus, soxhlet extraction of coffee 
oil was performed at 70 °C with an extraction time of 7 hours. The yield of coffee oil was 
15.84 ± 0.30 wt. %. The soxhlet coffee oil yield was similar to literature results. 
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3.4 Section Summary 
The coffee oil yield of SCGs ranged from 4.03 wt. % to 8.24 wt. %. The yield of coffee 
oil increased when the extraction time increased. The highest yield extraction time ranged 
from 5 to 6 hours. Hexane and isopropyl alcohol solvent mixture (1:1 vol.) resulted with 
the highest yield. The coffee oil density was shown to be 0.859 g/ml and it was similar to 
the density of palm oil which was 0.864 g/ml. Moisture content within the SCGs had a 
negative effect on the coffee oil extraction rate. Therefore, moisture was needed to be 
removed before coffee oil extraction was necessary. Recovery rate of solvent was 75.76 
vol. % and all of them could be stored and used in the future experiments. 
 
Chapter 4 Making Biodiesel from the Coffee Oil 
4.1 Methods 
Since the coffee oil had an FFA value greater than 1.0 %, esterification reaction was 
needed prior to the transesterification reaction. 50 ml of coffee oil was added into a 250 
ml Erlenmeyer flask. 1 wt. % of H2SO4 (HPLC grade, 99.8 %, Pharmco-Aaper) was 
mixed with the methanol (40 vol. % of coffee oil). The temperature was set to 65 °C and 
the reaction time was 4 hours. A stir bar was used to ensure a good mix of the solution. 
After the reaction, the final product was transferred into a separatory funnel. 50 °C 
distilled water was gently added into the funnel to wash out H2SO4 and methanol until the 
pH of the waste water reached neutral [8]. The esterification reaction was repeated until 
the FFA value of coffee oil was less than 1.0 %. At this point, the product was heated to 
105 °C for 3 hours to ensure complete removal of the reaction byproduct (water). After 
esterification reaction, alkaline-catalyzed transesterification reaction was performed with 
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20 vol. % of methanol at 65 °C for 2 hours with stir. Then, the product was transferred 
into a separatory funnel and let it settle for at least 30 minutes. Bottom layer glycerin was 
drained out and the volume of glycerin was recorded. Now, 50 °C tap water was applied 
to wash out impurities within the final product until the pH of wastewater reached 
neutral. Centrifuge was used to separate the water from the final coffee biodiesel with a 
rotational speed of 5,000 rpm and centrifugal time of 30 minutes. The pH value was 
measured after using the centrifuge to ensure a neutral pH. The final product was stored 
in a glass vial with cap.  
 
In order to get the characteristics of the coffee biodiesel, GC-MS analysis was conducted. 
Agilent 6890N Network Gas Chromatograph and Agilent 5973 Network Mass Selection 
Detector were used. Capillary column coated with Agilent HP-5MS 5 % phenyl methyl 
siloxane (30 m length, 0.25 mm internal diameter, 0.25 µm film thickness) was used. 
During calibration, the temperature at the injector and detector was set to be 250 °C. The 
oven temperature was set to 40 °C and held for 2 minutes and then increased to 180 °C at 
a heating rate of 10 °C/minute and held for 4 minutes. Then, the temperature was 
increased to 230 °C at a heating rate of 5 °C/minute and held for 5 minutes. Eventually, 
the temperature was increased to 300 °C at a heating rate of 15 °C/minute and held for 4 
minutes. Helium gas was applied at a flow rate of 1 ml/minute. 5 different known 
concentrations (1, 3, 9, 30, 90 ppm) of fatty acids methyl ester standards (FAME#1 Mix 
and FAME#4 Mix, Restek®) were used for calibration. Calibration curve was created via 
generating a best linear fit line which passed the original point. Both the response factors 
and the R-squared factors were recorded. During sample testing, the same GC-MS setup 
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was performed in order to get peak area for each FAME compound. All samples were 
diluted 100 times to ensure the concentration of FAME fell into the range of the 
calibration curve. Response factors from the calibration were used to calculate the actual 
concentration of the FAME compounds. The density of coffee biodiesel was measured 
gravimetrically. According to EN 14214:2003, biodiesel should meet the density 
requirement of 0.86-0.90 g/ml. 
 
4.2 Results and Discussion 
The density of coffee biodiesel was 0.88 ± 0.01 g/ml and it met the EN 14214:2003 
regulation which required a biodiesel density between 0.86 – 0.90 g/ml. The average 
coffee oil to coffee biodiesel conversion rate was 90.94 vol. %. The GC-MS standards 
calibration results were shown in Table 10. Details of the calibration result could be 
found in Appendix B. 
 
Table 10 GC-MS calibration result 
 Response Factor (area/ppm) R Square 
C16:0 1.09×106 0.9990 
C18:0 1.15×106 0.9991 
C18:1 1.89×106 0.9997 
C18:2 1.02×106 0.9962 
C20:0 9.39×105 0.9904 
C22:0 9.81×105 0.9896 
C24:0 1.01×106 0.9949 
 
The composition of coffee biodiesel was shown in Table 11. C16:0 and C18:2 were two 
main methyl esters contained within the coffee biodiesel. Compared with two other 
coffee biodiesel literature results, the FAME profiles were similar, except that the 
literature review results reported no C24:0 was found within the coffee biodiesel. 
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Additionally, palm biodiesel contained mainly C16:0 and C18:1 while the soybean 
biodiesel had C18:1 and C18:2 as the major components.  
 
Table 11 FAME profiles for coffee, palm, and soybean biodiesel 
 Coffee Biodiesel 
Coffee 
Biodiesel [23] 
Coffee 
Biodiesel [8] 
Palm 
Biodiesel [52] 
Soybean 
Biodiesel [52] 
C16:0 % 38.06%-57.58% 35.4%-41.4% 51.40% 41.9% 10.5% 
C18:0 % 11.84%-12.15% 6.7%-13.5% 8.30% 4.6% 4.1% 
C18:1 % 8.97%-9.24% 6.3%-24.0% - 41.2% 24.1% 
C18:2 % 15.72%-31.40% 22.0%-49.9% 40.30% 10.3% 53.6% 
C20:0 % 1.10%-4.20% 0.0%-1.2% - 0.3% - 
C22:0 % 1.09%-1.10% 0.0%-1.5% - - - 
C24:0 % 1.12%-1.73% - - - - 
***Detail GC-MS results were summarized in Appendix G 
 
4.3 Section Summary 
The coffee biodiesel density met the European EN 14214:2003 regulation and the major 
FAME components coffee biodiesel were C16:0 and C18:2. Also, the coffee oil to coffee 
biodiesel conversion rate was 90.94 vol. %.  
 
Chapter 5 Activated Carbon Preparation from the Spent Coffee 
Grounds 
5.1 Methods 
5.1.1 Coffee activated carbon preparation 
Coffee activated carbon in the following experiments was made from the dried SCGs. 
Materials were loaded onto the ceramic crucibles and a fused quartz tube (Technical 
Glass Products Inc.; 19mm × 17mm × 38 in) was used to hold the crucibles in a tube 
furnace (Thermolyne 79400). The process flow diagram was shown in Figure 6. 
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Figure 6. Process flow diagram of making coffee activated carbon via the steam 
activation method 
 
Before conducting experiments, water vapor concentration within the flow was 
calculated. The flow of nitrogen was set to be 100 cc/min and the water temperature was 
set to be 90 °C. After an hour, the mass loss of water was recorded and the following 
equation was used to calculate the concentration of water vapor.  
 
                                   H2O % = 
MH2O
MH2O+VN2 ×60 × DN290 ℃
 ×100%                       (Eq. 3) 
Where: 
H2O %: water vapor percentage within the flow 
MH2O: mass of water loss, g 
DN2 90 °C: density of nitrogen gas at 90 °C, g/ml 
𝑉𝑁2: flow rate of nitrogen gas, cc/min 
 
During the experiment, 100 cc/min N2 was applied for 15 minutes to ensure the absence 
of oxygen within the round flask and the quartz tube. The water temperature was set to be 
90 °C. Then, the oven temperature was set to be 800 °C and different reaction time was 
applied which were 0.5, 1, and 2 hours. After reaction, the oven was allowed to cool 
38 
 
down to a safe temperature with a continuous flow of nitrogen. Afterwards, the product 
was washed with the 1 N HCl solution for 1 hour with stir and then washed with the 
distilled water to neutralize the pH. Finally, the product was put into the oven to dry for 
24 hours at 105 °C. The resulted coffee activated carbon was weighed and the yield was 
recorded. 
 
5.1.2 Size distribution 
With the intention of knowing the size change before and after the coffee oil removal, the 
size distributions of dried SCGs, SCGs 1, and the in situ SCGs residue were determined 
via sieving. Dried SCGs, SCGs 1, and the in situ SCGs were first heated in the oven at 
105 °C for 24 hours. Then, six sieves (Fisher Scientific Test Sieve, Mesh #9, 16, 20, 28, 
and 35) with various opening sizes were used and the SCGs were sieved for 15 minutes. 
SCGs at different stages were collected and weighed to generate the size distribution 
graph.  
 
5.1.3 Thermogravimetric analysis 
In order to know the ash content, inorganic proportion, and the mass change profile of 
dried SCGs, SCGs residue (SCGs 1), and SCGs after the in situ experiments, 
thermogravimetric analysis was conducted. TA Instrument (TGA Q5000 V3.10 Build 
258) was operated at a heating rate of 10 °C/min and the temperature was increased until 
reaching a final temperature of 650 °C. TGA experiments were conducted in an air 
atmosphere with approximately 10 mg SCGs samples. Also, TGA was conducted under 
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nitrogen flow rate of 20 ml/min to determine the quantity of inorganic material within the 
samples. 
 
5.1.4 Higher heating value   
IKA Calorimeter (System C 2000 basic) was used for the higher heating value (HHV) 
determination purpose. The calibration standard was benzoic acid tablet of the National 
Bureau of Standards (NBS Standard Sample 39). During calibration, a cotton thread was 
tied onto the middle of the ignition wire with a loop. Two reference tablets were put 
inside the combustion crucible. Then, 5 ml of distilled water was added into the Peters 
bomb. Oxygen pressure was set to be 30 bars to ensure complete combustion. At least 2 
calibration tests were run and the average HHV of the reference material was used for 
calibration. For sample testing, a cotton thread was tied onto the ignition wire and a pre-
weighed sample was transported into the crucible. After adding 5 ml of distilled water 
into the Peters bomb, the bomb was installed onto the system and start to run. The HHV 
of the samples were recorded. 
 
5.1.5 Brunauer–Emmett–Teller (BET) 
In order to further understand the coffee activated carbon, Brunauer–Emmett–Teller 
(BET) test was conducted by the Illinois State Geological Survey. The total surface area 
was obtained via Micrometrics’ Gemini VII 2390 Surface Area Analyzer through 
standard multi-point BET method. Prior to each measurement, initial and exhausted 
samples were degassed at 120 °C to vacuum 50 mTorr for 2 hours. 
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5.2 Results and Discussion 
Based on the equation mentioned before, the water vapor concentration within the gas 
flow was 35.966 wt. % when the flow rate of nitrogen gas was 100 cc/min and the 
heating temperature of water vapor was 90 °C. 
 
SCGs residue (SCGs 1) was collected after the coffee oil extraction. The measured 
particle size distributions of dried SCGs, SCGs 1, the in situ SCGs, and the in situ SCGs 
residue from different sources were shown in Figures 7, 8, 9, and 10. The data showed 
that most of the dried SCGs particles had sizes greater than 600 µm and most of the 
SCGs 1 particles had sizes less than 850 µm.  It was clear to state that the sizes of SCGs 
particles decreased after oil extraction. The reason might be caused by the collapse of the 
inner structure of the SCGs. The results were comparable with other literature values [26, 
27].  
 
 
 Figure 7 Size distribution of SCGs from UC Centercourt 
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Figure 8 Size distribution of SCGs from Red Tree 
 
 
Figure 9 Size distribution of SCGs from Starbucks 
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Figure 10 Size distribution of the in situ SCGs residue (20 wt. % H2SO4; 70 °C; 17 hours) 
 
 
Figure 11 Activated carbon yield from SCGs 
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The yield of SCGs activated carbon ranged from 21.76 wt. % to 27.33 wt. %. Figure 11 
compared coffee activated carbon yield with the yield of activated carbon from Jatropha 
Seedcake and other literature results. The yield of coffee activated carbon was lower than 
other literature results, but similar to the activated carbon yield from the Jatropha 
Seedcake. 
 
The TGA results of the dried SCGs (Figure 12) and SCGs 1 (Figure 13) under nitrogen 
environment showed that the inorganic residue was 26.28 wt. % and 25.45 wt. %, 
respectively. Both of the dried SCGs and SCGs 1 had a mass loss at around 300 °C and 
390 °C. However, dried SCGs had a large mass loss at 390 °C (11.29 wt. %) compared 
with the mass loss of SCGs 1 which was 9.62 wt. %. Both of these two figures did not 
show a mass loss between 80 and 150 °C which confirmed that there was no moisture 
content within these two samples. Figure 14 showed the in situ SCGs sample result. The 
solvent evaporation happened around 51 °C which indicated that further drying process 
was needed to remove the solvent. Moreover, 31.94 wt. % residue was found within the 
in situ SCGs sample. The high value of the inorganic compounds within the SCGs 
residue was caused by previous impregnation of chemical compounds.  
 
Figure 15 and Figure 16 showed the TGA results of the dried SCGs and SCGs 1 under 
the air environment. Dehydration did not occur below 150 °C which confirmed the utter 
removal of moisture content within the dried SCGs and the SCGs 1. Two major 
evolutions of light volatile are observed and resulted in a weight loss of 47.31 – 51.11 % 
(maximum rate at 295-300 °C) and 23.83 – 34.10 % (maximum rate at a range of 495.98-
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501.97 °C). The first weight loss was caused by the decomposition of cellulose and 
hemicellulose. Degradation of lignin caused the weight loss later. The ash content for the 
dried SCGs and SCGs 1 was 2.372 wt. % and 2.739 wt. %, respectively. The coffee oil 
peak was clearly found at 430 °C with a potential mass of 19.35 wt. % [27, 54]. 
 
Also, Figure 17 showed the TGA results of the in situ coffee grounds residue under the 
air environment. It was clear to state that the cellulose and hemicellulose percentages 
decreased dramatically. This was caused by the effect of the sulfuric acid, which could 
dissolve the cellulose and hemicellulose during the in situ reaction. Also, no oil peak was 
found within the figure to confirm oil removal through reaction. 
 
 
Figure 12 TGA result of dried SCGs in nitrogen environment 
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Figure 13 TGA result of SCGs 1 in nitrogen environment 
 
 
 
Figure 14 TGA result of the in situ SCGs in nitrogen environment 
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 Figure 15 TGA result of dried SCGs in air environment 
 
 
Figure 16 TGA result of SCGs 1 in air environment 
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Figure 17 TGA result of the in situ SCGs in air environment 
 
Based on the calorimeter test, the HHV of dried SCGs was 9,667 Btu/lb and the HHV of 
the SCGs residue after oil extraction was 8,841 Btu/lb. Therefore, even after oil removal, 
the residues still had the potential to be made into fuel pellets. The BET surface area of 
0.5, 1, and 2 hours steam activation samples were 44, 93, and 1,174 m2/g, respectively. 
Therefore, 2-hour coffee activated carbon had the best result. 
 
5.3 Section Summary 
The size of the SCGs particles became smaller after the coffee oil extraction. The yield of 
coffee activated carbon was 21.76 wt. % to 27.33 wt. %, which was smaller than the 
activated carbon yield from literature results. The TGA results showed that the ash 
content in air condition of dried SCGs and SCGs 1 was 2.372 wt. % and 2.739 wt. %, 
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respectively. Also, the BET surface area of the coffee activated carbon could reach as 
high as 1,174 m2/g and the HHV of dried SCGs was 9,667 Btu/lb.  
 
Chapter 6 The in situ Method of Producing Biodiesel from the Spent 
Coffee Grounds 
6.1 Experimental Methods 
6.1.1 Materials  
The original intention of applying impregnation was to embed the catalyst since 
otherwise it would not be able to be effectively in contact with the coffee oil in the 
grounds. Dried SCGs (200 g) were impregnated by various concentrations of alkaline (5 
wt. % and 10 wt. %) or acidic (5 wt. %, 10 wt. %, 15 wt. % and 20 wt. %) reagents with 
200 ml distilled water for 3 hours with stirring at 95 °C. Then the slurry was dried in the 
oven for 24 hours at 105 °C to ensure a complete removal of the moisture content. 
Reagents used during impregnation included potassium hydroxide (Fisher Scientific, 
P250-500), sodium hydroxide (Fisher Scientific, S318-500), sodium methoxide (Acros, 
A0323231), and sulfuric acid (Fisher Scientific, A300-500). 
 
During the in situ reaction, the impregnated SCGs (50 g) were filled into a pre-weighed 
cellulosic thimble (Whatman, 25 × 80 mm). Soxhlet apparatus was set up and 250 ml 
methanol was used as the solvent to extract and react with the coffee oil. Heating tape 
(BriskHeat, HSTAT101006) was twined on the soxhlet extractor to adjust the reaction 
temperature (60 or 70 °C) [55]. A heating mantle (Thermo Scientific, EM0500/CEX1) was 
employed to maintain the temperature within the solvent as either 60 °C or 70 °C. 
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Various reaction time were examined, which included 3, 4, 5, 6, 7, 17 and 24 hours for 
alkaline impregnated SCGs and 3, 4, 5, 6, 7, 10 and 17 hours for sulfuric acid 
impregnated SCGs. After the in situ reaction, the mixture of final product with methanol 
was transferred into the rotary evaporator and the extra amount of methanol was recycled. 
The method of operating the rotary evaporator was described earlier in Chapter 3. The 
volume of the recycled methanol was recorded. After solvent separation, the product was 
transported into a separatory funnel and allowed to settle for 30 minutes. Then, 20 ml 
distilled water (80 °C) was used to wash the product and shook was needed to increase 
the surface contact between the impurities and the distilled water [37]. However, no 
shaking was applied for the first time washing to avoid the formation of soap. 60 minutes 
were allowed for settling after washing each time. A pH meter was used to test the pH of 
the effluent. If the pH of wastewater reached neutral, washing step was considered to be 
completed. Centrifuge was used later to separate any remaining impurities such as water 
and fine coffee grounds within the coffee biodiesel (centrifuge method was stated in 
Chapter 4). Next, the SCGs residue after the in situ reaction was collected and dried on 
the surface of a hot plate overnight with a temperature of 65 °C. Lastly, the dried SCGs 
residue was collected and weighed.  
 
6.1.2 Samples preparation 
The alkaline in situ samples (3, 4, 5, 6, 24 hours) was collected via using a glass pipette. 
Samples (1.5 ml) were taken out of the in process in situ reaction system and stored in a 
brown glass vial with a screw-thread cap. These samples were prepared for GC-MS 
analysis. 
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QTA samples were also prepared from both alkaline (7 and 17 hours) and acid (3, 4, 5, 6, 
7, 10, and 17 hours) product. After using a centrifuge to purify the final coffee biodiesel, 
samples were stored in transparent glass vials and they were ready for QTA runs. 
 
6.1.3 Coffee biodiesel analysis 
The GC-MS method was clearly stated in Chapter 4 and would not be re-explained here. 
If the GC-MS results were available, the yield of coffee biodiesel was calculated through 
the following equation: 
 
                                FAME yield % = 
CTotal×0.79×V
1000000×M
×100 %                             (Eq. 4) 
Where: 
CTotal: total concentration of FAME components, parts per million (Appendix B) 
V: volume of methanol within the system, millimeters 
M: mass of dried SCGs, grams 
 
If GC-MS results were not available, the following equation was used to perform a rough 
yield calculation. 
 
                                                      𝑌𝑖𝑒𝑙𝑑 % =  
𝑀𝐵
𝑀𝑆𝐶𝐺𝑠
 × 100 %                                   (Eq.5) 
Where, 
MB: mass of biodiesel after centrifuge, g 
MSCGs: mass of dried spent coffee grounds, g 
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Samples were sent to Eurofins Scientific for quality trait analysis (QTA). QTA was 
conducted to ascertain the quality of finished coffee biodiesel (Eurofins QTA, 
Cincinnati). The QTA method was a near infrared method that measured the carbonyl 
compounds in the oil/biodiesel matrix, and the chemical composition was calculated by a 
program developed by the vendor. The outcomes could offer a rough range of the quality 
of the biodiesel produced with a low volume and also in a short time. However, ASTM 
6751 is still the standard method to evaluate if the biodiesel met the specifications.  
 
Additionally, samples were sent to ARS-USDA (Agriculture Research Service - United 
States Department of Agriculture) for further testing. Variables such as FAME 
components of coffee biodiesel, free and total glycerin (ASTM D6584 method), 
kinematic viscosity (ASTM D445 method), oxidation stability (EN 14112 method), cloud 
point, pour point, and lubricity (ASTM D6079 method) were measured [56]. The detail 
information for different identifications of samples were listed in Appendix C1. 
 
Elemental analyzer (Elementar vario MACRO cube) was used to determine the carbon, 
hydrogen, nitrogen, and sulfur content of dried SCGs, SCGs 1, and the in situ SCGs 
residue. Sulfanilamide (Elementar; Art-No. 15.00-0062) was used as the calibration 
standard for C, N, and H test. Coal standard (Leco Corporation; Lot No. 289-74) was 
developed as a standard for sulfur content test. 20 – 40 mg samples were loaded each 
time for the analysis. The detailed programming method information could be found in 
Appendix F. 
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Before measuring sample’s elemental concentration, calibration was required to be 
performed. Daily factor was first calculated based on the standard sample. 
 
                                                              𝑓 =  
𝐶𝑡ℎ𝑒
𝐶𝑎𝑐𝑡
                                           (Eq.6) 
Where, 
f: daily factor (must within the range of 0.9-1.1) 
Cthe: theoretical standard sample’s elemental concentration (provided by vendor) 
Cact: actual elemental concentration computed by element analyzer 
 
Then, 20-40 mg of standard sample was weighed and measured in the elemental analyzer. 
The absolute elemental content of the standard sample was calculated. 
 
              𝑎 =  
𝑤∙𝑐
100
                 (Eq.7)            
Where, 
a: absolute element content, mg 
w: standard sample weight, mg  
c: element concentration, % (provided by vendor) 
 
After obtaining the absolute elemental content value, a calibration plot with the 
relationship between the absolute elemental content and the resulted area was generated. 
During the experimental sample test, 20-40 mg sample was loaded onto the elemental 
analyzer. Then, peak area was computed as a raw data by the elemental analyzer. Based 
on the calibration coefficients, an updated sample’s absolute elemental content (y) was 
calculated.  
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𝑦 = 𝑎 + 𝑏 ∙ 𝑥 + 𝑐 ∙ 𝑥2 + 𝑑 ∙ 𝑥3 + 𝑒 ∙ 𝑥4        (Eq.8) 
Where, 
y: updated sample’s absolute elemental content, mg 
x: peak area 
a,b,c,d,e: calibration coefficients 
 
Finally, the experimental sample’s elemental concentration could be calculated by the 
software based on the equation shown below. 
 
                                                             𝑐𝑎𝑐𝑡 = 
y ×100×f
W
                                              (Eq. 9) 
Where, 
cact: actual elemental concentration of experimental sample, % 
y: updated absolute elemental content, mg 
f: daily factor 
W: experimental sample weight, mg 
(Example elemental calculation could be found in Appendix I) 
 
6.2 Results and Discussion 
Alkaline impregnated SCGs were first applied for testing the in situ method. Effects of 
reaction time, concentration of alkaline, and types of alkaline on the yield of coffee 
biodiesel were examined. It was clear to say that with 10 wt. % KOH impregnated SCGs 
and the reaction time of 24 hours resulted with the highest coffee biodiesel yield (The 
preliminary trial result was in Appendix E). 
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Nevertheless, several disadvantages of using alkaline impregnation were discovered. First 
of all, the quality of the coffee biodiesel could be hardly determined. Because of soap 
formation, it was difficult to perform titration to determine the FFA value of the final 
coffee biodiesel. Second, the quantity of coffee biodiesel was unreliable. During biodiesel 
washing step, water and coffee biodiesel separation took as long as 48 hours and 
sometimes they did not even separate with each other at all. Therefore, part of the coffee 
biodiesel was lost during the water washing process. Also, in consideration of a high FFA 
value of the coffee oil (3.14 % to 3.74 %), which consumed alkaline catalyst and resulted 
catalyst lost, acidic impregnation was introduced for the following experiments. 
 
Figure 18 showed the relationship between the yield of the coffee biodiesel with the 
reaction time. 20 wt. % H2SO4 impregnated SCGs were used and the reaction 
temperature was fixed at 70 °C. In conclusion, increasing the reaction time would 
increase the coffee biodiesel production. This agreed with Ehimen’s microalgae in situ 
research which concluded that longer reaction time would give a better biodiesel yield 
[55]. After 7 hours, the yield of coffee biodiesel did not vary significantly. In consideration 
of the energy consumption and the economic cost, the best reaction time was 7 hours. 
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Figure 18 Coffee biodiesel yield from 20 wt. % H2SO4 impregnated SCGs with 70 °C 
reaction temperature (error bars information was in Appendix D) 
 
Figure 19 showed the relationship between the coffee biodiesel FFA values with the 
reaction time. It was clear to state that when increasing the reaction time, the FFA % 
decreased. Therefore, after reaching a high coffee biodiesel yield at 7 hours, additional 
reaction time could be added to lower the FFA value. Except increasing the reaction time, 
basic water could be used during water washing step to eliminate the acid within the 
coffee biodiesel [57]. 
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Figure 19 FFA % of coffee biodiesel made from 20 wt. % H2SO4 impregnated SCGs. The 
reaction temperature was 70 °C (error bars information was in Appendix D) 
 
Based on the previous results, for different samples with different concentrations of 
impregnation, only 7 and 17 hours reaction time and 60 °C and 70 °C were studied. As 
shown in Figure 20, the relationship between the coffee biodiesel yield with various 
concentrations of H2SO4 impregnated SCGs was studied. Four different reaction 
conditions were studied in the figure. In conclusion, samples with higher reaction 
temperature and longer reaction time would likely to result with a higher coffee biodiesel 
yield. The reaction temperature played a significant role when the reaction time was 7 
hours. As the reaction time increased to 17 hours, the effect of the reaction temperature 
decreased.  Also, SCGs with higher concentration of H2SO4 had higher coffee biodiesel 
yield. When the reaction temperature was at 70 °C, the reaction time was more important 
when the impregnated concentration was low. 
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Figure 20 Coffee biodiesel yield with different sulfuric acid concentration impregnation 
(error bars information was in Appendix D) 
 
In Figure 21, it showed that the relationship between the concentrations of impregnated 
H2SO4 with the FFA % of the final coffee biodiesel. Four various reaction conditions 
were measured. The FFA % decreased as the concentration of H2SO4 increased when the 
reaction time at 17 hours. This was due to high concentration of H2SO4 helped to 
accelerate the esterification reaction to lower the FFA value. On the other hand, samples 
under 7 hours reaction time had the opposite results. When the concentration of H2SO4 
increased, the FFA % increased. This was mainly caused by a poor reaction condition 
which slowed down the esterification reaction. Another conclusion could be also made 
from the figure that with a short reaction time (7 hours), the temperature had a greater 
effect on the FFA value when the impregnated concentration was high (15 % or 20 %).  
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Figure 21 The effect of different impregnation concentrations on the FFA % of coffee 
biodiesel (error bars information was in Appendix D) 
 
By considering the energy consumption and the production cost, 20 wt. % impregnated 
SCGs with reaction time of 7 hours and reaction temperature of 70 °C was considerd to 
be the best reaction condition. QTA was conducted to perform a rough biodiesel quality 
check later.  
 
Table 12 was the summary of the QTA results. At first, 7 hours and 70 °C samples were 
sent to the Eurofin lab for QTA. In the results, it showed most of the samples had high 
percentages of the mono-, di-, and tri- glycerides which indicated incomplete reaction. 
Only ISA 14 (20 wt. % H2SO4) indicated a complete reaction. In the other words, 
although most of the 7 hours reaction time resulted with high quantity of coffee biodiesel, 
the quality of the final product was low. Therefore, the reaction time was increased to 17 
hours to ensure complete reaction. The QTA showed most of the 17-hour samples had 
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low glycerides concentrations except ISA 4 (5 wt. % H2SO4 impregnation). This was 
mainly caused by insufficient catalyst for either esterification or transesterification 
reaction. Also, QTA results pointed out that moisture content within every sample was 
greater than 0.12 %, which did not meet the ASTM standard. Thus, further drying was 
needed.  
 
Table 12 QTA results for the in situ method  
Sample ID Mono
-gly 
(%) 
Di-gly 
(%) 
Tri-gly 
(%) 
Free 
Glycerin 
(%) 
Moisture 
(%) 
Methanol 
(%) 
Oxidation 
Stability 
 
ISB 7 (7 hrs) 2.851 6.059 10.901 NA NA 0.2508 >15 
ISA 2 (7 hrs) 3.213 15.642 29.268 Outlier Outlier Outlier Outlier 
ISA6 (7 hrs) 1.522 1.365 2.752 0.007 >0.12 Outlier >15 
ISA 10 (7 hrs) 0.517 1.843 3.809 0.000 >0.12 0.0000 >15 
ISA 14 (7 hrs) 1.519 0.000 0.000 0.038 0.200 Outlier >15 
ISA 4 (17 hrs) 0.000 11.570 25.391 Outlier Outlier 0.0000 Outlier 
ISA 8 (17 hrs) 0.701 0.029 0.000 0.000 0.150 0.0195 13.3 
ISA 12 (17 hrs) 0.608 0.170 0.000 0.000 0.146 0.0000 16.8 
ISA 22 (17 hrs) 0.482 0.006 0.000 0.000 0.164 0.0000 10.8 
 
Another concern was the sulfur content. According to the QTA results, the acidic 
impregnation coffee biodiesel samples had a sulfur content ranged from 25.4 ppm to 44.0 
ppm, which did not meet the ASTM 6751 sulfur requirement of less than 15 ppm. Similar 
results were also reported by Vardon, D.R et al. [15], The high sulfur content within the 
SCGs itself was one of the reasons that led to a high sulfur concentration within the 
coffee biodiesel. Also, during acidic impregnation, more sulfur element was introduced 
into the SCGs. Although the sulfur did not meet the requirement, mixing the coffee 
biodiesel with a low sulfur concentration biodiesel would be one of the solutions to 
reduce the sulfur concentration [15]. 
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In order to understand the sulfur mass change during the in situ reaction, sulfur mass 
balance was studied in Figure 22. After impregnation, the sulfur mass of the impregnated 
SCGs was 3.40 g. After the in situ reaction, 8.54 g coffee biodiesel was obtained and 3.0 
× 10-4 g sulfur went into the coffee biodiesel and resulted with a sulfur concentration of 
32.6 ppm. Also, 1.08 g sulfur stayed within the SCGs residue. During biodiesel washing 
step, since the wastewater appeared to have a low pH, it could confirm that acid was 
washed out. Therefore, approximately 2.32 g sulfur (calculated results) was washed out. 
More detailed sulfur balance should be studied in the future. 
 
 
Figure 22 sulfur mass balance diagram of 20 wt. % H2SO4 impregnated samples 
 
Table 13 showed the average elemental analysis results of SCGs, SCGs 1, and the in situ 
residue. The elemental content of carbon, hydrogen, and oxygen within the dried SCGs 
were similar to the reference works [15, 20]. The concentrations of nitrogen and carbon 
increased after the coffee oil removal. Also, the C/N ratio slightly decreased from 23.95 
to 20.48. Additionally, it was being studied that the ideal coffee grounds for the soil 
fermentation needed a C/N ratio of 20:1 or greater [8]. Therefore, even after removing the 
coffee oil, the coffee grounds residue still could be used as a fertilizer for the soil. Both 
ISA 8 residue (10 wt. % H2SO4 impregnation) and ISA 21 residue (20 wt. % H2SO4 
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impregnation) had a significantly high sulfur percentage. This might be caused by the 
impregnation of H2SO4 which introduced new sulfur content into the coffee grounds. The 
in situ residue also showed a higher HHV when compared to the HHV of SCGs 1 
 
Table 13 Elemental analysis and higher heating value of dried SCGs, SCGs 1, and the in 
situ residue 
ID N [%] C [%] H [%] S [%] O [%] Ash C/N 
ratio 
HHV 
(Btu/lb) 
Dried SCGs 1.93 46.23 7.32 0.26 41.84 2.42 23.95 9,667 
SCGs 1 2.49 50.94 6.76 0.26 37.06 2.49 20.48 8,841 
ISA 8 residue 2.38 53.46 6.07 1.71 35.11 1.27 22.46 8,902 
ISA 21 residue 1.50 58.81 5.56 2.61 30.17 1.35 39.21 8,924 
***Oxygen percentage was calculated; raw data could be found in Appendix C2 
 
Table 14 showed a summary of the coffee biodiesel. The major FAME components of the 
coffee biodiesel were C16:0 and C18:2. The FAME profile of the in situ coffee biodiesel 
was similar to the FAME profile of two-step coffee biodiesel. Additionally, some of the 
ASTM requirements for the biodiesel were tested and the comparison between the in situ 
coffee biodiesel, soybean biodiesel and palm biodiesel was listed in the table. For the in 
situ biodiesel, the moisture content, acid number and sulfur value did not pass the ASTM 
6751. Therefore, additional water wash (or base wash) was needed to be undertaken to 
lower the acid number. Also, drying process was necessary to be conducted after using a 
centrifuge to ensure complete removal of the moisture content. As mentioned before, 
high sulfur content could be solved by mixing the coffee biodiesel with other low sulfur 
biodiesel. When compared with soybean and palm biodiesel, the oxidation stability of the 
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in situ coffee biodiesel was extraordinary high. Because of its high cloud point and pour 
point, it was hard for the coffee biodiesel to adapt to the cold weather [15]. 
 
Table 14 Summary of the in situ biodiesel (FAME profile and ASTM requirements) 
The in situ results of 20 wt. % H2SO4 impregnated SCGs with 17 hours reaction time and 70 °C 
reaction temperature 
FAME Profile     
C16:0 42.5%-48.1%    
C18:0 9.2%-10.3%    
C18:1 7.5%-9.0%    
C18:2 22.0%-27.0%    
C18:3 0.3%-0.5%    
C20:0 3.0%-3.4%    
C22:0 0.6%-0.7%    
C24:0 <0.5%    
Other Specifications 
Coffee 
Biodiesel 
Soybean 
Biodiesel[58] 
Palm 
Biodiesel[58] 
ASTM 
Standard 
Free glycerol (mass %) 0.001 0.01 0.01 0.02 maximum 
Total glycerol (mass %) 0.019-0.028 0.01 0.01 0.24 maximum 
Kinematic viscosity (40°C; 
mm2/s) 5.00-5.53 4.00 4.50 1.9-6.0 
Oxidation stability (110°C h; 
Rancimat; h) 30.42-36.42 3.80 13.37 3 minimum 
Cloud point (°C) 13.8-15.6 4.0 16.0 report 
Pour point (°C) 17-19    
Lubricity (HFRR; 60°C; μm) 200-226    
Methanol (mass %) 0.0000-0.0195   0.2 maximum 
Moisture (vol. %) >0.12 0.02 0.01 0.05 maximum 
Acid Number (mg KOH/g) 0.8 0.15 0.24 0.5 maximum 
Sulfur (ppm) 25.4-44.0 20.0 30.0 15 maximum 
 
Methanol recovery after the in situ reaction ranged from 71.73 vol. % to 93.88 vol. %. 
Due to different reaction temperature and reaction time, the methanol recovery range had 
about 20 vol. % difference between every experiment. In order to improve methanol 
recovery rate for a longer reaction time and higher reaction temperature, colder cooling 
water and a longer reflux tube could be applied. Additionally, methanol, which was 
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entrapped within the SCGs residue after the in situ reaction was 6.02 vol. % to 9.04 
vol. %. Recycled methanol was used for quality test. The quality of the recycled 
methanol was tested by making biodiesel with it. As a result, it had a waste cooking oil to 
biodiesel conversion rate of 92.59 %, recycled methanol had a conversion rate of 
83.32 %. Therefore, recycled methanol had potential to be reused for further application. 
The weight of recycled SCGs was 81.45 wt. %-94.27 wt. %. The different recycle rate of 
SCGs was mainly caused by SCGs residue trapped inside the thimble and it was difficult 
to transfer all of them out. Also, a small amount of fine SCGs particles went into the 
solvent which caused more mass loss. 
 
6.3 Section Summary 
20 wt. % H2SO4 impregnated SCGs with 70 °C and 7 hours was considered as the best 
condition. Moisture, acid value, and sulfur content were the only three criteria which did 
not pass the ASTM standard. Elemental results showed that the SCGs naturally contained 
high sulfur content. However, it was easy to lower the acid value and the moisture 
content within the coffee biodiesel via basic water washing and drying the coffee 
biodiesel in the oven. High sulfur content within the coffee biodiesel issue could be 
solved through mixing the coffee biodiesel with other low sulfur content biodiesel. 
 
Chapter 7 Summary and Future Work 
7.1 Summary 
In conclusion, evidence was shown that the in situ production of coffee biodiesel from 
the SCGs worked and delivered both a high quality and quantity yield. C16:0 and C18:2 
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were the major FAME components of the coffee biodiesel. Also, the in situ method 
enhanced the oil extraction process. The most effective and economic reasonable reaction 
condition was to use 20 wt. % H2SO4 impregnated SCGs with reaction time of 7 hours 
and reaction temperature of 70 °C. The yield of coffee biodiesel could reach 16.32 wt. %. 
Likewise, the final coffee biodiesel was tested via several ASTM tests.  
 
Solvent extraction of coffee oil from the SCGs without soxhlet method ranged from 4.03 
wt. % to 8.24 wt. %. The yield was relatively low. Soxhlet apparatus should be applied 
and it resulted with a higher coffee oil yield of 15.84 ± 0.30 wt. % at 7 hours and 70 °C 
with the extraction solvent of hexane/isopropyl alcohol (1:1 vol.) mixture. The FFA value 
of the coffee oil ranged from 3.17 % to 3.74 %. Therefore, esterification reaction was 
applied to bring the FFA value down to less than 1.0 %. Moreover, moisture content 
within the SCGs was found to cause a negative impact during coffee oil extraction. Thus, 
it was necessary to remove the moisture content within the SCGs prior to the coffee oil 
extraction operation. After reaction, 75.76 vol. % methanol could be recycled and utilized 
in the future. 
 
According to the sieving results, the particle size of the SCGs became smaller after 
removal of coffee oil. The yield of coffee activated carbon ranged from 21.76 wt. % to 
27.33 wt. % and the final product had a high BET surface area of 1,174 m2/g. 
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7.2 Future Work  
Higher reaction temperature and impregnation concentration could be researched for the 
in situ method so that the reaction time and the FFA value of the coffee biodiesel might 
be reduced. Also, a full ASTM 6751 test was needed to determine the quality of the final 
product. Distillation method could be studied to remove the dark color of the coffee 
biodiesel. 
 
There were several improvements could be conducted for the coffee activated carbon 
preparation. First of all, the activating temperature, moisture percentage, and flow rate of 
nitrogen could be changed to optimize the preparation condition. Second, instead of using 
the dried SCGs, SCGs after oil extraction and the in situ SCGs residue could be used to 
produce the coffee activated carbon. Third, the pore size distribution of the coffee 
activated carbon needed to be tested so that certain applications for the final products 
could be determined. Also, the column test for the biodiesel purification ability could be 
conducted. Because of the high sulfur content within the in situ SCGs, they also had the 
potential to be made into activated carbon for mercury removal application [59-61]. 
Last but not least, other applications on the SCGs could be researched in the future. For 
example, gasification of SCGs residue after the in situ or oil extraction could be studied. 
Also, the fermentation feasibility of the SCGs residue after the in situ reaction or oil 
extraction could be researched. The potential of making the SCGs residue into pellets or 
bio-char could also be investigated. 
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Appendix 
 
A. TIC and mass spectra graph of coffee biodiesel 
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***Total Ion Chromatogram and Mass Spectrum  
C20:0 
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Retention 
Time (min) 
Compound Name 
 
18.44 Caffeine  
19.46 Hexadecanoic Acid Methyl Ester C16:0 
21.92 9,12-Octadecenoic Acid Methyl Ester C18:2 
22.01 9-Octadecenoic Acid Methyl Ester C18:1 
22.40 Octadecenoic Acid Methyl Ester C18:0 
25.47 Eicosanoic Acid Methyl Ester C20:0 
27.91 Docosanoic Acid Methyl Ester C22:0 
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B. Gas chromatograph calibration curve and CTotal calculation 
 
 
 
C16:0 
Area Concentration(ppm) Retention Time (minutes) 
573452 1 19.45 
2868793 3 19.45 
9763845 9 19.45 
30398893 30 19.47 
99290137 90 19.52 
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The equation on the graph can be represented as: 
𝑦 = 𝑎𝑥 
Where 
y: Area 
x: Concentration, parts per million 
a: response factor (area/ppm) 
Then, 
𝐶𝑇𝑜𝑡𝑎𝑙 =  
(𝑦1)
𝑎1
+  
(𝑦2)
𝑎2
+ ⋯ +  
(𝑦𝑛)
𝑎𝑛
 
Where: 
The value of y was given from GC results 
n: The total types of fatty acids methyl esters 
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C1. Operating conditions for in situ samples 
 
 
List of  in-situ experiments data information 
Identification Impregnation Reaction 
Time (hrs) 
Reaction 
Temperature (°C) 
Yield 
(wt. %) 
FFA (%) 
ISB 1 (1) 5 wt.% NaOH 7 60 4.43% 7.08% 
ISB 1 (2) 5 wt.% NaOH 7 60 5.28% 6.49% 
ISB 1 (3) 5 wt.% NaOH 7 60 5.12% 6.94% 
ISB 2 (1) 10 wt.% NaOH 7 60 0.96% 6.75% 
ISB 2 (2) 10 wt.% NaOH 7 60 1.46% 6.05% 
ISB 3 (1) 5 wt.% NaOCH3 7 60 4.46% 3.89% 
ISB 3 (2) 5 wt.% NaOCH3 7 60 4.78% 4.12% 
ISB 3 (3) 5 wt.% NaOCH3 7 60 5.28% 4.14% 
ISB 4 (1) 10 wt.% NaOCH3 7 60 5.68% 3.07% 
ISB 4 (2) 10 wt.% NaOCH3 7 60 5.02% 3.58% 
ISB 4 (3) 10 wt.% NaOCH3 7 60 5.23% 3.69% 
ISB 5 (1) 5 wt.% KOH 7 60 2.15% 6.09% 
ISB 5 (1) 5 wt.% KOH 7 60 2.68% 6.29% 
ISB 6 (1) 10 wt.% KOH 7 60 8.46% 1.02% 
ISB 6 (2) 10 wt.% KOH 7 60 8.98% 1.78% 
ISB 6 (3) 10 wt.% KOH 7 60 8.64% 1.64% 
ISB 7 (1) 10 wt.% KOH 7 70 9.78% 7.85% 
ISB 7 (2) 10 wt.% KOH 7 70 9.16% 7.13% 
ISB 7 (3) 10 wt.% KOH 7 70 8.95% 7.30% 
ISB 8 (1) 10 wt.% KOH 17 60 10.54% 11.59% 
ISB 8 (2) 10 wt.% KOH 17 60 9.49% 14.47% 
ISB 8 (3) 10 wt.% KOH 17 60 9.78% 12.56% 
ISB 8 (4) 10 wt.% KOH 17 60 10.12% 14.61% 
ISB 8 (5) 10 wt.% KOH 17 60 9.20% 13.60% 
ISA 1 (1) 5 wt.% H2SO4 7 60 4.83% 0.96% 
ISA 1 (2) 5 wt.% H2SO4 7 60 5.05% 0.84% 
ISA 2 (1) 5 wt.% H2SO4 7 70 5.94% 0.85% 
ISA 2 (2) 5 wt.% H2SO4 7 70 6.34% 0.72% 
ISA 3 (1) 5 wt.% H2SO4 17 60 10.58% 0.78% 
ISA 3 (2) 5 wt.% H2SO4 17 60 10.32% 0.69% 
ISA 4 (1) 5 wt.% H2SO4 17 70 12.10% 0.49% 
ISA 4 (2) 5 wt.% H2SO4 17 70 13.86% 0.57% 
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ISA 5 (1) 10 wt.% H2SO4 7 60 5.04% 1.02% 
ISA 5 (2) 10 wt.% H2SO4 7 60 5.52% 0.94% 
ISA 5 (3) 10 wt.% H2SO4 7 60 5.13% 0.84% 
ISA 5 (4) 10 wt.% H2SO4 7 60 5.44% 1.12% 
ISA 6 (1) 10 wt.% H2SO4 7 70 9.84% 0.82% 
ISA 6 (2) 10 wt.% H2SO4 7 70 9.02% 1.02% 
ISA 6 (3) 10 wt.% H2SO4 7 70 8.98% 0.90% 
ISA 7 (1) 10 wt.% H2SO4 17 60 12.63% 0.62% 
ISA 7 (2) 10 wt.% H2SO4 17 60 12.14% 0.48% 
ISA 7 (3) 10 wt.% H2SO4 17 60 12.20% 0.54% 
ISA 8 (1) 10 wt.% H2SO4 17 70 13.50% 0.44% 
ISA 8 (2) 10 wt.% H2SO4 17 70 14.20% 0.48% 
ISA 8 (3) 10 wt.% H2SO4 17 70 13.96% 0.38% 
ISA 8 (4) 10 wt.% H2SO4 17 70 13.62% 0.50% 
ISA 8 (5) 10 wt.% H2SO4 17 70 13.98% 0.48% 
ISA 9 (1) 15 wt.% H2SO4 7 60 5.50% 1.40% 
ISA 9 (2) 15 wt.% H2SO4 7 60 6.18% 1.54% 
ISA 10 (1) 15 wt.% H2SO4 7 70 13.56% 0.90% 
ISA 10 (2) 15 wt.% H2SO4 7 70 13.06% 1.01% 
ISA 11 (1) 15 wt.% H2SO4 17 60 14.26% 0.52% 
ISA 11 (2) 15 wt.% H2SO4 17 60 14.13% 0.47% 
ISA 12 (1) 15 wt.% H2SO4 17 70 15.25% 0.46% 
ISA 12 (2) 15 wt.% H2SO4 17 70 14.31% 0.42% 
ISA 13 (1) 20 wt.% H2SO4 7 60 7.54% 1.67% 
ISA 13 (2) 20 wt.% H2SO4 7 60 7.02% 1.51% 
ISA 13 (3) 20 wt.% H2SO4 7 60 7.84% 1.58% 
ISA 13 (4) 20 wt.% H2SO4 7 60 6.89% 1.60% 
ISA 14 (1) 20 wt.% H2SO4 3 70 3.20% 1.89% 
ISA 14 (2) 20 wt.% H2SO4 3 70 3.65% 1.68% 
ISA 15 (1) 20 wt.% H2SO4 4 70 5.43% 1.72% 
ISA 15 (2) 20 wt.% H2SO4 4 70 5.98% 1.68% 
ISA 16 (1) 20 wt.% H2SO4 5 70 9.86% 1.70% 
ISA 16 (2) 20 wt.% H2SO4 5 70 11.90% 1.54% 
84 
 
ISA 16 (3) 20 wt.% H2SO4 5 70 10.12% 1.58% 
ISA 17 (1) 20 wt.% H2SO4 6 70 12.38% 1.21% 
ISA 17 (2) 20 wt.% H2SO4 6 70 13.02% 1.12% 
ISA 18 (1) 20 wt.% H2SO4 7 70 16.58% 0.98% 
ISA 18 (2) 20 wt.% H2SO4 7 70 16.06% 0.92% 
ISA 18 (3) 20 wt.% H2SO4 7 70 15.98% 1.02% 
ISA 18 (4) 20 wt.% H2SO4 7 70 16.46% 0.93% 
ISA 18 (5) 20 wt.% H2SO4 7 70 16.70% 0.89% 
ISA 18 (6) 20 wt.% H2SO4 7 70 16.16% 0.95% 
ISA 19 (1) 20 wt.% H2SO4 10 70 17.01% 0.80% 
ISA 19 (2) 20 wt.% H2SO4 10 70 16.89% 0.62% 
ISA 20 (1) 20 wt.% H2SO4 17 60 16.02% 0.52% 
ISA 20 (2) 20 wt.% H2SO4 17 60 16.78% 0.46% 
ISA 20 (3) 20 wt.% H2SO4 17 60 16.53% 0.40% 
ISA 21 (1) 20 wt.% H2SO4 17 70 17.66% 0.48% 
ISA 21 (2) 20 wt.% H2SO4 17 70 16.50% 0.32% 
ISA 21 (3) 20 wt.% H2SO4 17 70 17.20% 0.28% 
ISA 21 (4) 20 wt.% H2SO4 17 70 17.88% 0.44% 
ISA 21 (5) 20 wt.% H2SO4 17 70 16.80% 0.40% 
ISA 21 (6) 20 wt.% H2SO4 17 70 16.46% 0.45% 
 
C2. Elemental analysis data 
ID N [%] C [%] H [%] S [%] O [%] Ash 
Dried SCGs (1) 1.99 47.23 7.51 0.22 40.69 2.37 
Dried SCGs (2) 1.86 45.00 7.17 0.38 43.11 2.48 
Dried SCGs (3) 1.93 46.45 7.29 0.17 41.77 2.40 
SCGs 1 (1) 2.46 50.92 6.81 0.22 36.85 2.74 
SCGs 1 (2) 2.56 50.97 6.80 0.32 36.98 2.37 
SCGs 1 (3) 2.45 50.92 6.67 0.24 37.36 2.36 
ISA 8 (1) 2.21 51.38 6.75 1.71 36.56 1.39 
ISA 8 (2) 2.39 55.73 5.65 1.85 33.14 1.24 
ISA 8 (3) 2.54 53.28 5.83 1.56 35.62 1.17 
ISA 21 (1) 1.49 62.98 5.15 2.77 26.06 1.55 
ISA 21 (2) 1.47 56.58 5.89 2.47 32.36 1.23 
ISA 21 (3) 1.54 55.96 5.63 2.58 33.01 1.28 
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D. Error bars data 
 
The positive and negative value was calculated via absolute value. For example, positive 
value was calculated through the largest data value minus the average value and the 
negative value was calculated through the average value minus the smallest data value. 
 
Time (hours) Positive Negative 
3 0.23 0.23 
4 0.28 0.28 
5 1.27 0.77 
6 0.32 0.32 
7 0.38 0.34 
10 0.06 0.06 
17 0.8 0.62 
Figure 18 error bars detail data information 
 
 
Time (hours) Positive Negative 
3 0.11% 0.11% 
4 0.02% 0.02% 
5 0.09% 0.07% 
6 0.04% 0.05% 
7 0.07% 0.06% 
10 0.09% 0.09% 
17 0.08% 0.12% 
 Figure 19 error bars detail data information 
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Reaction Time: 17 hours  
Reaction Temperature: 70 °C 
Reaction Time: 17 hours  
Reaction Temperature: 60 °C 
Concentration Positive Negative Concentration Positive Negative 
5% H2SO4 0.88% 0.88% 5% H2SO4 0.13% 0.13% 
10% H2SO4 0.35% 0.35% 10% H2SO4 0.31% 0.18% 
15% H2SO4 0.47% 0.47% 15% H2SO4 0.06% 0.07% 
20% H2SO4 0.80% 0.62% 20% H2SO4 0.34% 0.42% 
Reaction Time: 7 hours  
Reaction Temperature: 70 °C 
Reaction Time: 7 hours  
Reaction Temperature: 60 °C 
Concentration Positive Negative Concentration Positive Negative 
5% H2SO4 0.42% 0.42% 5% H2SO4 0.11% 0.11% 
10% H2SO4 0.19% 0.26% 10% H2SO4 0.24% 0.24% 
15% H2SO4 0.12% 0.12% 15% H2SO4 0.34% 0.34% 
20% H2SO4 0.38% 0.40% 20% H2SO4 0.32% 0.31% 
Figure 20 error bars detail data information 
 
 
 
Reaction Time: 17 hours  
Reaction Temperature: 70 °C 
Reaction Time: 17 hours  
Reaction Temperature: 60 °C 
Concentration Positive Negative Concentration Positive Negative 
5% H2SO4 0.04% 0.04% 5% H2SO4 0.05% 0.05% 
10% H2SO4 0.04% 0.08% 10% H2SO4 0.07% 0.07% 
15% H2SO4 0.02% 0.02% 15% H2SO4 0.03% 0.02% 
20% H2SO4 0.10% 0.14% 20% H2SO4 0.06% 0.06% 
Reaction Time: 7 hours  
Reaction Temperature: 70 °C 
Reaction Time: 7 hours  
Reaction Temperature: 60 °C 
Concentration Positive Negative Concentration Positive Negative 
5% H2SO4 0.07% 0.07% 5% H2SO4 0.06% 0.06% 
10% H2SO4 0.11% 0.09% 10% H2SO4 0.14% 0.14% 
15% H2SO4 0.07% 0.08% 15% H2SO4 0.07% 0.07% 
20% H2SO4 0.15% 0.08% 20% H2SO4 0.08% 0.08% 
Figure 21 error bars detail data information 
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E. In situ biodiesel yield from basic impregnated SCGs  
 
Time (hrs) 10% NaOH  5% NaOH  10% KOH 5% KOH 5%NaOCH3 
3 0.83% 1.20% 7.21% 1.61% 3.57% 
4 0.94% 2.72% 8.76% 0.52% 4.97% 
5 0.99% 4.12% 10.83% 0.73% 4.51% 
6 1.21% 4.94% 9.69% 2.42% 4.84% 
24 1.19% 8.11% 18.64% 4.55% 4.34% 
 
F. Elemental Analysis Programing Criteria 
 
O2 dosing time 1 30 s 
O2 dosing time 2 60 s 
O2 dosing flow 1 50 ml/min 
O2 dosing flow 2 50 ml/min 
O2 cutoff threshold 30 % 
Autozero delay N 15 s 
Autozero delay S 15 s 
Peak anticipation N 55 s 
Peak anticipation C 105 s 
Peak anticipation H 60 s 
Peak anticipation S 60 s 
Desorption. CO2 240 °C 
Desorption. H2O 150 °C 
Desorption. SO2 (1) 100 °C 
Desorption. SO2 (1) time 60 s 
Desorption. SO2 (2) 230 °C 
 
 
G. GC-MS samples (two-step coffee biodiesel) 
 
Samples C16:0 C18:2 C18:1 C18:0 C20:0 C22:0 C24:0 
1 57.27% 15.72% 9.24% 12.15% 3.31% 1.09% 1.13% 
2 57.58% 15.83% 8.97% 11.84% 2.37% 1.10% 1.30% 
3 53.58% 20.21% 9.26% 11.88% 1.10% 1.09% 1.12% 
4 38.06% 31.40% 9.01% 11.96% 4.20% 1.09% 1.73% 
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H. Coffee grounds and coffee oil mass balance 
 
The diagram below showed the mass balance for both coffee grounds and coffee oil. 
However, only one experiment was conducted and only preliminary data was shown. 
During coffee processing steps, grounds and coffee oil were both lost. During roasting 
step, part of the coffee oil was lost. The coffee beans that used in the experiment were 
pre-roasted and after grinding, 1.4 g of coffee grounds were lost during grinding. After 
the brewing process, wet SCGs were collected and heated to 105 °C to remove the 
moisture. Only 41.3 g dried SCGs were collected finally. After coffee oil extraction, 35.1 
g SCGs residue was recovered and 4.76 g coffee oil was extracted out.  
 
Mass balance of coffee grounds and coffee oil 
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I. Elemental calculation example (Carbon Element) 
Sample was weighed via a pre-calibrated scale (W = 25 mg). After analyzing by the 
elemental analyzer, the peak area of carbon element was given as x = 110,561. 
Calibration coefficients were provided as part of the results (a = 1.1811×10-5, b = 1.0852, 
c = 0, d = 0, e = 0). Updated sample’s absolute elemental content was calculated via 
equation 8 (y = 1.4171×10-4). Daily factor was calculated by the elemental analyzer via 
equation 6 (f = 1.0082). Then, the carbon element concentration of the sample could be 
calculated through equation 9 (62.67 %). 
 
J. Pictures of materials and products 
 
Dried SCGs:                                                      SCGs 1: 
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Coffee Oil:                                                    Coffee Biodiesel: 
                                    
 
 
 
In situ Coffee Biodiesel 
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Coffee Biodiesel Washing Process (acid impregnation) 
 
Coffee Biodiesel Washing (base impregnation) 
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Coffee Activated Carbon (Different Sizes): 
 
